The cross section of the single photon in pp ̅ collision is calculated. There are many subprocesses, for example the LO and NLO collisions, leading to the single photon. The LO collisions, the one of which (Compton scattering) is strongly dependent on the gluon distribution function, are investigated. Both the off-shell ( dependent) and on-shell partons are considered in the diffusions, and their differences are discussed. The unintegrated parton distribution functions (UPDFs), used for the off-shell partons, are calculated by the Martin-Ryskin-Watt (MRW) method. In the case of the on-shell partons, the integrated parton distribution functions (PDFs), are obtained by MMHT 2014 LO PDFs which are determined experimentally. To investigate the accuracy of the theoretical results, they are compared with the experimental data that are taken by the DØ and CDF collaborations at Fermilab Tevatron.
Many subprocesses, which lead to the single photon, occur in pp ̅ collision. They are arranged to leadingorder (LO), next to leading order (NLO), and other higher levels according to the order of their total amplitude. The on-shell matrix elements satisfy the gauge invariance and in the case of off-shell matrix elements, because of the small x region, they also satisfy the gauge invariance (for more details please see [50] ). In addition, the observed single photon may be result of the fragmentation process, where a final state quark or gluon fragments into a photon [22, 51] . The goal is to study the parton distribution functions in pp ̅ collisions, and the fragmentation process disrupts this aim. Therefore, the constraints are imposed on the experiments and theoretical calculations of the cross sections to reduce the impact of the fragmentation processes. The fragmentation processes in theoretical calculations of the single photon cross section are not considered and two LO direct subprocesses are only calculated. The LO direct collisions, Compton ( q + g → γ + q ) and annihilation scattering ( q + q̅ → γ + g ), are strongly sensitive to the quarks and gluons in hadrons. For pp ̅ collision, the distribution function of an antiquark in antiproton is equivalent to the distribution function of the same flavor quark in proton, it means P ̅ ̅ ( ) = P ( ), where and ̅ are the flavours of the quark and antiquark, respectively, P ( ) is the distribution function of the quark q in the proton, and P ̅ ̅ ( ) is the distribution function of the antiquark ̅ in the antiproton. This equality is one of the reasons which leads the cross section of the annihilation processes to become more dominant than the Compton processes at large x.
In this paper, it is used the integrated parton distribution functions (PDFs) which are experimentally calculated by Martin-Motylinski-Harland-Thorne (MMHT) 2014 [52] . There are some methods to calculate the unintegrated parton distribution functions [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] and attempts [73] [74] [75] [76] [77] [78] [79] to investigate their validity. The Balitsky-Fadin-Kuraev-Lipatov (BFKL) prescription [59] [60] [61] gives a better answer to UPDFs at small x where the large terms of the BFKL equation are proportional to ln (1/ ). The Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation [53] [54] [55] [56] , which is proportional to ln ( 2 ), obtains the better answer at large x. At [63] , the authors give a method that unified the BFKL and DGLAP evelutions, consequently it is valid for all ranges of x. Moreover, they give another method, Kimber-Martin-Ryskin (KMR), which is started by pure DGLAP equation and bring the dependence on the scale at the last evolution step. The KMR method has very similar results with the unified one and is simpler than it. Therefore, it is valid for all ranges of x. The strong ordering (. . ≪ −1, ≪ ,~) in DGLAP evolution ensures the angular ordering that determines the maximum z in the KMR method. To calculate the unintegrated parton distribution functions, it is utilised the newer method, Martin-Ryskin-Watt (MRW), which is similar to KMR but with some differences. First, in the KMR, angular ordering is imposed on both emitted quarks and gluons, while in the MRW, it is only imposed on the gluons because of color coherence of gluons [67, 68] . Second, the KMR approach is based on the -factorisation while in the MRW, UPDFs depend on both and , ( , , 2 , 2 ).
Another role of scale is acting as the factorization scale which is used to relate ( , 2 ) to ( , 2 , 2 ) as the following relation 1 :
Where ( , 2 ) = ( , 2 ) or ( , 2 ). At [32] , the authors to normalise ( , 2 , 2 ) used the following different relation:
According to their assertion, since they included 2 into transverse momentum dependent parton density functions (TMDs), their normalization relation is different. This difference causes the equation of their cross section to be different from the used equation in this paper. Although they used different normalization, their results are similar to the results of this paper.
In this paper, first, the parton distribution functions and the total amplitude of two LO collisions for both off-shell and on-shell incoming particles are calculated. In section 4, the kinematics and relations to calculate the cross section of the single direct photon will be presented. Finally, in section 5, theoretical results are compared with the data of three experiments that are taken by DØ and CDF Fermilab Tevatron.
2-Parton distribution functions
Parton distribution functions correspond to the density (the number of the specific parton in all partons constructing a hadron) of partons in a hadron. At the parton model, for measuring the cross section of the pp ̅ collision, one must calculate the number of partons contributing in subprocesses then multiply them at the related subprocesses cross section. For example, in Compton scattering, one must find the number of gluons and quarks which come from their parent hadron then multiply them at the cross section of Compton scattering to find the cross section of the pp ̅ collision. Since the aim is to study both the on-shell and off-shell incoming partons, two states for the density partons are presented
2-1 Integrated parton distribution functions
The integrated parton distribution functions (PDFs) satisfies the DGLAP equation at the scale :
The above equation is a (2 + 1) dimensional matrix, is the number of active flavours. (1) is not very rigorous, at [63] the authors impose 2 2 ( = 0.6 -0.8) to the up limit of integral to make it more precise ) and (52) in [82] In Equ. (3), is the quark with flavor i, ̅ is the antiquark with flavor i, ( , 2 ) is the distribution function of the quark with flavor i, ( , 2 ) is the gluon distribution function. The function ( , ( )) (a & b are the quarks and gluon) is the splitting function which has a perturbative expansion in running coupling constant:
1-The equality of relation
( , ) = 0 ( ) + 2 1 ( , ) + ⋯ (4) ( , ) = 0 ( ) + 2 1 ( , ) + ⋯
( , ) = 0 ( ) + 2 1 ( , ) + ⋯
The functions 0 ( ) and 1 ( , ) are the LO and NLO splitting functions [55, 80, 81] , respectively. Both the splitting functions and running coupling constant are perturbative. Consequently, if one takes the first items of equation (4-7) and LO coupling constant, then put them in equation (3), the calculated PDFs will be LO. The integrated parton distribution functions (PDFs) are determined experimentally [52, 82] . In all calculations of this paper, the PDFs are obtained by MMHT 2014 LO PDFs [49] . The functions ( , 2 ) are plotted in figure 1 for some quarks and gluon with respect to x. They are determined by the LO MMHT 2014 with 68% confidence-level uncertainty bands for 2 = 10 GeV 2 and 2 = 100 GeV 2 .
2-2 Unintegrated parton distribution functions
The number of partons "a" in the proton with the momentum fraction between and + d and transverse momentum between zero and the factorisation is:
While, for off-shell particles, the number of partons "a" with the momentum fraction between and + d and transverse momentum 2 between 2 + d 2 is:
By equality of (8) and (9), we find the following normalization relation :
To calculate the function ( , 2 , 2 ), we use the MRW method [67, 68] . This method is similar to the KMR [63] but with two differences that refine and extend the KMR last step procedure for determining the UPDFs. The first one is; in the KMR, angular ordering was imposed on both emitted quarks and gluons while in the MRW, it is only used for gluons. The second is; the KMR is based on -factorisation and partons have virtuality − 2 , but in the MRW, the authors extend those assumptions and define virtuality − 2 /(1 − ) which leads the UPDFs also become a function of , ( , , 2 , 2 ).
In the MRW method, the procedure of calculating UPDFs is started by the LO DGLAP equation evaluated at a scale :
Where the used items are introduced at (3). At Equ. (11), the first term, which is corresponded to the real parton emission, changes of the partons in the evolution. The second term, which is corresponded to the virtual part of emission, includes all loops that exist in the real parton emission before it goes to the hard subprocess. The virtual parts do not affect the transverse momentum of the emitted partons. The extra factor ζ in te virtual part avoids double-counting the s-channel and t-channel partons and is equivalent to ½ when integrating over it and summing over b.
All loops are resummed to the Sudakov form factor, ( 2 , 2 ), which gives the probability of evolving from the value to without the parton emission. This factor is defined for > 0 = 1 GeV where 0 is the minimum scale for which the DGLAP equation is valid. Moreover, when is equal , the Sudakov factor becomes one, and for > it will be also constant. In figure 2 , the factor is plotted with respect to 2 for 2 = 100 GeV 2 . The derivative of the Sudakov factor is:
In the MRW method, the following relation is used to find the unintegrated parton distribution functions:
( , 2 , 2 ) = log 2 [ ( , 2 ) ( 2 , 2 )] = ( 2 , 2 ) ( , 2 ) log 2 + ( , 2 )
Putting (11) and (13) in (14) gives :
Equ. (15) is also valid for > 0 = 1 GeV. By Equ. (14) and (10), UPDFs for < 0 = 1 GeV will be determined:
Then UPDFs for < 1 GeV are:
In Equ. (12) and (15), the splitting functions ( ) and ( ) have singularities, originated from soft gluon emission, at = 1. These singularities cancel between the real and virtual parts of the DGLAP equation but the Sudakov factor must be regulated. Angular ordering that originated from colour coherence imposes the cut off on splitting fraction for the splitting functions where a real gluon is emitted in the s-channel. In the MRW method, by applying the angular ordering, especially in the last step of evolution, the cut off on is:
For other evolutions steps, the strong ordering in the transverse momentum automatically guaranties angular ordering. Moreover, the quarks (fermion) have no coherence effect, consequently, their emission is not limited by angular ordering. (this is one of the differences between the KMR and MRW method). After imposing the restriction on and using the symmetries (1 − ) = ( ) and (1 − ) = ( ), Equ. (12) becomes :
And
The same acting is done on Equ. (15) , therefore the final unintegrated parton distribution functions are :
And for gluon
In figure 3 
3-The total amplitude of the LO subprocesses
There are two LO subprocesses, Compton and annihilation scattering, which lead to the single direct photon in the pp ̅ collision. Their Feynman diagrams are illustrated in table 1: 
The amplitudes of Compton collision are illustrated in tables 2: 
And the amplitudes of annihilation collision are presented in tables 3: 
Where 2 = 4 , = /2 and eq is the fraction charge of the quarks, for example = −1/3.
Incoming on-shell partons do not depend on transverse momentum, so their momentum is:
Where P is the momentum of proton or antiproton and x the longitudinal momentum fraction. Because of high energy collision, the mass of proton and antiproton is neglected, 2 = 2 = 0. So, the mass of onshell partons is considered zero in calculations. The total amplitude of each LO subprocess by on-shell incoming partons is given in table 4: (̂+̂̂) |M | 2 ( ( 1 ) + ̅( 2 ) ⇾ ( ) + ( ))
Off-shell incoming partons depend on the transverse momentum as the following relation :
is the transverse momentum of the parton. Since the off-shell partons depend on transverse momentum, which leads the partons to have virtual mass 2 = 2 = − 2 , the total amplitude of LO off-shell subprocesses takes the mass terms. The total amplitude of each off-shell collision is presented in table 5: 
Where
( 1 2 , 2 2 ) and ̅ ( 1 2 , 2 2 ) are: The items , ̂, and ̂ are the Mandelstam variables with the following equations:
The term is the mass of the quark in Equ. (27) and (28) . The total amplitudes of two LO collisions in table 5 and Equ. (27) and (28) are the same as the amplitudes in [32] .To obtain the total amplitude for collisions of + → + and ̅ + → + , it is enough to change ̂ ↔ ̂ in table 4 & 5. All of the amplitudes and total amplitudes in tables 2-5 are obtained and calculated by FeynCalc [83, 84] 
4-The cross section of the single direct photon
In this section, the kinematics and equations to calculate the cross section of the single direct photon in the pp ̅ collision are presented. They are given for both the on-shell and off-shell incoming partons. The incoming particles are considered two high energy proton and antiproton colliding each other at the center of mass frame. Then, their mass is neglected, and they have four-momentum:
(1,0,0,1) and 2 = √ 2 (1,0,0, −1) ,
4-1 Kinematics of the particles
The momentums of the incoming particles are:
And for the outgoing particles:
By conversation laws, the following relation is obtained:
Where the Sudakov variables are:
The items of (transverse mass) and y (rapidity) have the following relations:
In the off-shell state, 1 2 = 1 2 = − 1 2 ≠ 0 and 2 2 = 2 2 = − 2 2 ≠ 0, so the two incoming partons are massive. When the mass of a particle is zero, the rapidity and pseudorapidity would be equal: = = − ln tan ( 2 ) . (38) Where is the polar angle with respect to the proton beam. The four-momentum of each particle, whether be on-shell or off-shell, is:
= ( , , , ) = ( cosh , sin , cos , sinh ).
4-2 The cross section of off-shell incoming partons
For two LO subprocesses, the cross section of the single direct photon by two off-shell incoming partons in pp ̅ collisions is:
Where particle a is the parton emitted from the proton, particle b is the parton from the antiproton, and particle c is the outgoing particle. The term ( → ) is the differential cross section of subprocess corresponded to partons a and b, can be written as: = ( * ) 32 1 2 |ℳ ̅ | 2 , (41) * is the angle between the outgoing particles and proton beam in the center of mass frame. The differential cross section should be expressed in the term of measurable variables such as rapidity and transverse momentum of the outgoing particle, then by using the determinant of the Jacobian matrix [85]:
By Equ. (41) and (42) 
4-3 The cross section of on-shell incoming partons
In the case of on-shell incoming partons, it is enough to take equal to zero. It causes the second and third components of four-momentum of the incoming partons to become zero which removes the dependence on 1 and 2 (look at Equ. (39) and take = 0). In the Equ. (40) instead of using Equ. (9) to find the number of partons contributing to subprocesses, one must use Equ. (8) . Therefore, the cross section of the single photon with on-shell partons will be:
Where ( 1 , 2 ) = ( 1 , 2 ) or ( 1 , 2 ). It is visible that the on-shell cross section does not depend on .
5-Numerical results and discussion
In this section, some explanations about theoretical calculations are given then the results will be presented and discussed. First, it is used the LO formula for α s with = 5 and Λ = 0.226 GeV in all equations. To consider theoretical uncertainties in the calculation of the cross section, three different factorisation and renormalization scales are used, the first; = = = , the second, = = = 0.5 , and the last, = = = 2 . All quarks are considered in calculations except the quark "t". The mass of quarks is assumed to be zero which does not make a significant difference. To calculate the double differential cross section, one must use:
The effect of the fragmentation processes was not considered in the calculations of this paper. Moreover, the theoretical results are compared with the experimental data obtained by some imposed constraints to reduce the effect of the fragmentation. All calculations, such as calculating of Equ. (43) and (44), total amplitudes, are computed by using Mathematica [86] .
Theoretical results are compared with three experimental data [4, 7, 10] . In the first one, DØ [4] , the energy of the collision is √ = 630 GeV, with central and forward pseudo-rapidity | | < 0.9 and 1.6 < | | < 2.5, respectively. In the second one, DØ [7] , the energy of the collision is √ = 1960 GeV, with central pseudo-rapidity | | < 0.9. In the last one, CDF [10] , the energy of the collision is √ = 1960 GeV, with central pseudo-rapidity | | < 1. In all mentioned experiments, the data for double differential cross sections with respect to the transverse momentum of the photon, , is presented. In the case of pp ̅ collisions, because of the symmetry between an antiquark within an antiproton and the same flavor quark within a proton, the Compton collisions are not always the dominant subprocesses while in pp collisions they are always dominant. It is seen in figure 5 , the annihilation collisions become more dominant than the comptons as increases. The cross sections in figure 5 are calculated by Equ. (44) and (43) for the off-shell and on-shell collisions, respectively. The differences in the calculations of the two mentioned cross sections come from different total amplitudes and parton distribution functions. According to figure 1 and 4 , it is seen that as increases, the distribution function of both quarks up and down becomes larger than the gluon especially when is small. On the other hand, in Equ. (34) (35) (36) one can see that ~= /√ , consequently increasing in the value of , which is equivalent to the increase in the value of , leads to the dominating of the distribution function for both quarks up and down than gluon. Then the Compton processes are dominant at the modest and small while at large , it is the annihilations that control the LO subprocesses.
In figure 6 , the double differential cross section of LO subprocesses leading to the single direct photon for both the off-shell and on-shell incoming partons (left plots), in addition, their ratio (right plots) are illustrated. The plots are presented for DØ with √ = 630 GeV, DØ with √ = 1.96 TeV, and CDF with √ = 1.96 TeV. It is seen see that theoretical result agree well with the experimental data for each of the three experiments especially at large . As it is seen, the ratio of the off-shell cross section to the onshell decreases as increases. The total value of the ratio For two collisions with higher collision energy than DØ with √ = 630 GeV is declined as the energy of collision increases. Recall that and and are equivalent to each other by Equ. (34) (35) (36) . Then the differences between off-shell and on-shell incoming partons appear at small , while there is almost no difference between off-shell and on-shell particles at large .
The calculations of the cross section of single direct photon depend on two different parameters and . The first one is related to factorisation scale, , in Equ. (10) and the second to the strong coupling constant ( 2 ). Since there is no certain value for them, they are assumed approximately and are theoretical errors. In figure 7 , the theoretical errors in calculations of the cross section are considered for both off-shell and on-shell states. We see that the value of cross sections increases as we choose the smaller value for . It is true for both off-shell and on-shell cross sections. Changing = = = to = = = 0.5 or = = = 2 modifies the value of cross sections from 10% for lower to 30% for high which is almost true for both the off-shell and on-shell in each different collision DØ and CDF.
To get a better understanding of the agreement and accuracy of the theoretical calculated cross section to the experimental data, the ratio of data to theory is calculated in figure 8 . As it is seen in all plots, the ratio will decrease as increases. It indicates, at high , the portion of LO collisions in the total value of the cross section will increase than other subprocesses, such as NLO, NNLO, and fragmentation processes. Remember that the LO subprocesses in theoretical calculations are only considered. Moreover, at low , the ratio is large, so in this region, the impact of fragmentation processes may be considerable. Also, we see that the off-shell cross sections have a smaller ratio, especially for the low value of , than on-shells in each plot of figure 8. Then the off-shell cross sections agree better than on-shells with data. But it is seen, at the higher , that both off-shell and on-shell cross sections approach equally to the experimental value of the cross section. Notice that there are other reasons leading to inequality of theoretical and experimental data, such as uncertainty, which was 68% confidence level, in the value of integrated parton distribution functions. 
6-Summary and Conclusions
The double differential cross section of the single direct photon in the pp ̅ collisions was calculated by using the LO MRW method and MMHT 2014 LO PDFs for the off-shell and on-shell incoming partons, respectively. The theoretical results were compared with the corresponded experimental data and found out that they agree well with data in the case of both the off-shell and on-shell cross sections. Moreover, it was established that the Compton collisions are more dominant than annihilations at the low and modest while at larger the annihilations are. Although the MRW method is valid for all ranges of x, it was determined that the differences between being on-shell or off-shell would appear at low x ( because of ~= /√ ) by the decline in the ratio of the off-shell to the on-shell cross section, approach to one, as ( ) increases. It was seen that the off-shell cross sections were closer to experimental data especially for low . The theoretical uncertainties changed the cross section 10% to 30% and all approach each other at low . Both of off-shell and on-shell cross sections were closer to data at large than small . It indicates that the LO subprocesses are very important at large while fragmentation and the higher-order subprocesses (NLO, NNLO) have a considerable impact at low or . Finally, it is concluded that although taking off-shell partons in the calculations of subprocesses, especially at small , are more accurate than on-shells, one can trust results of on-shell calculations for large .
In this section, to give a more accurate understanding of the exact value of the results that are plotted in the figures, I present the numerical results of my calculations in table 6-8 for the three considered experiments. In the 9 th , 10 th , and 11 th columns, both of the on-shell and off-shell theoretical cross section are calculated by = = . Table 6 : The numerical results of the double differential cross section calculated with three different theoretical uncertainties for both the off-shell and on-shell state. The experimental data is based on [4] . Other information about the calculations is given at the beginning of section 5. The numerical results of the double differential cross section calculated with three different theoretical uncertainties for both the off-shell and on-shell state. The experimental data is based on [7] . Other information about the calculations is given at the beginning of section 5. Table 8 : The numerical results of the double differential cross section calculated with three different theoretical uncertainties for both the off-shell and on-shell state. The experimental data is based on [10] . Other information about the calculations is given at the beginning of section 5. 
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